Biomineralization is the process by which diverse organisms have the capacity to create heterogeneous accumulations, derived from organic and inorganic compounds that induce the process of mineral formation. An example of this can be seen an extrapallial protein (EP) of Mytilus californianus, which is responsible for carrying out the biomineralization process. In order to determine their ability to perform the biomineralization process, EP protein was absorbed and mixed in chitosan scaffolds which were tested in simulated physiological fluid. The materials were analyzed by FTIR spectroscopy, field emission scanning electron microscopy-energy-dispersive electron X-ray spectroscopy andX-ray diffraction. Results confirmed that the EP protein stimulates the rapid growth of biological apatite on the chitosan scaffolds. The mixing method favored more the apatite growth as well as the formation of second nucleation sites than the immersion method.
Introduction
Biomaterials present great advantages over those materials commonly used since they do not release cytotoxic products during degradation within biological systems, also their degradation rates can be adjusted by altering the starting formulation or processing conditions [1] . The advantage of these is their innate ability to promote biological recognition, which can positively support cell adhesion and function [2] . Biomaterials of natural origin can be divided into two groups: those based on proteins (for example, collagen, silk fibroin, gelatin, fibronectin, keratin, fibrin and the eggshell membrane) and those based on polysaccharides (for example, hyaluronic acid, cellulose, glucose, alginate, chondroitin, and chitin and its derivative, chitosan). Protein-based biomaterials are typically obtained from animal and human sources and include bioactive molecules that mimic the extracellular environment; while biomaterials based on polysaccharides are mostly obtained from algae, as in the case of agar and alginate, or from microbial sources, such as dextran and its derivatives [3, 4, 5] . For therapeutic applications, these biomaterials are processed for implantation purposes as porous scaffolds, hydrogels, particles, or thin membranes which are in vivo enzymatically degradable in non-toxic final products [6] .
In recent years, research has been carried out using proteins from materials of marine origin in the manufacture of biomaterials as replacements of bone tissue, which can eventually form biomimetic compounds. These are from 1000 m depth seas; an example of this is the bamboo of the Isidella family of corals, which has been investigated by Born and collaborators. They found that the composition of the mineral is responsible for the mechanical stability of the coral, which showed an organic phase of fibrillar acid proteins [7] . On the other hand, the inorganic phase is composed of calcite (CaCO 3 ), so the composition of the skeleton and dimensions of the organic matrix of corals are very similar to the human bone. Another example is described by Rousseau, 2003 , in which the biological activity of a water-soluble matrix (WSM) extracted from mother-of-pearl of the bivalve Pinctada maximal was studied, with the MC3T2-E1 pre-osteoblast cell line from mice calvaria. Results revealed that the WSM stimulates osteoblast differentiation and osteoid mineralization in 6 days instead of 21 days (period necessary for the mineralization of the osteoid secreted by cells cultured in normal media). This is attributed to acidic glycoproteins present in the WSM [8] . Another bivalve that has been studied is the Mytilus californianus of the family of the Mytilus, which has an extrapallial space, located between the outside of the epithelial mantle and the growth of the shell, which contains the extrapallial fluid that participates in the process of biomineralization of the mollusk [9] . In this fluid, the mineralization precursors of the shell are concentrated and gathered; they are composed of inorganic substances such as ions of Na
, H 2 CO 3 (carbonic acid) and sulfates; and by organic substances such as amino acids, mucopolysaccharides, and acids. One of the proteins of the extrapallial fluid that has great importance for being the main cause of the formation of the shell is the extrapallial protein (EP), whose molecular mass is 27.7 kDa and it is the most abundant in said fluid (56%) [10] . It is composed mainly of glutamic acid, which induces the nucleation of calcium ions, thus generating the formation of calcite and aragonite crystals, crystalline structures that constitute the shell of this bivalve [11] . This process of biomineralization resembles bone mineralization; by which it is deduced that this protein carries out activities of calcium fixation, getting to form lamellae or crystals layers [12] .
Therefore, the present work determines the effect of the EP protein on chitosan scaffolds; chitosan is a natural polymer widely used in the area of tissue engineering due to its non-toxicity and its properties such as biocompatibility, biodegradability, antimicrobial activity, and healing in wounds [13] . Also, its hydroxyl and carboxyl functional groups allow biological particles to be trapped and act as antibiotics, growth factors, proteins, and bone-forming cells [14] . The scaffolds were manufactured using two protein anchoring methods: absorption and mixing; and different EP concentrations were tested. The scaffolds were exposed to a simulated physiological fluid to determine their capacity to form hydroxyapatite crystals, to identify if the adequate conditions for the in vitro biomineralization process occurs.
Materials and methods

Obtaining the extrapallial fluid of Mytilus californianus
The organisms were captured in Baja California, Mexico, and subjected to thermal stress for the EP release; for this, temperatures of 4 and 20 C were applied at intervals of 4h and 30min, respectively. The collected EP was stored in plastic tubes at À20 C until use.
EP purification
The EP was centrifuged at 2,270xg for 15 min; the obtained supernatant was dialyzed at room temperature, using a cellulose membrane with a pore size of 6-8kDa, against 50mM MOPS buffer, pH 7 (3-Nmorpholino propanol sulfonic acid), including 0.1M NaCl; this for 24 h with at least three shock absorber replacements, and gentle agitation. The dialyzed sample was centrifuged again at 2,270xg for 15 min; and the supernatant obtained was concentrated to 2.6 mg/mL using an ultrafiltration system (AMICON), with a 10kDa membrane. Subsequently, it was filtered using a membrane with a pore size of 0.22μm and passed, at a flow of 1 mL/min, through a column with anion exchange matrix (Aligent BioWax NP 5, 4.6 Â 250mm) previously equilibrated with MOPS-NaCl buffer, in a high resolution system. The fractions were eluted using a linear gradient from 0.1 to 1M NaCl in 50mM MOPS buffer, pH 7. The fractions purity was analyzed by 15% SDS-PAGE and the molecular weight marker was used as a reference for migration. 200 kDa at 6.5kDa (SDS-PAGE Molecular weight Standards BioRad®, Broad Range No. 161-0317). The development of the protein bands was carried out by silver nitrate staining [15] .
Quantification of total protein
For the determination of total protein, the Thermo Fisher kit, PierceTM BCA Protein Assay in microplate was used. This consists in incubating during 30 min at 37
C, 25μL of the tested sample and 200μL of the BCA reagent; Then the solutions are cooled down for 5 min at room temperature, and their absorbance are measured at 562nm [16] . The calculation of the concentrations was carried out using a standard curve of bovine serum albumin (BSA), at a concentration range of μg/mL. All measurements were made in triplicate with an allowable standard deviation of AE0.05.
Synthesis of polymer scaffolds
Chitosan scaffold functionalized with EP by absorption
The elaboration of the material was carried out following the method of Olivas-Armend ariz [17] , in which 2g of chitosan (85% deacetylation, Sigma-Aldrich) were dissolved in 100mL of a 1% acetic acid solution; this mixture was frozen for 4 h at -40 C and subsequently lyophilized for 72 h. The material was neutralized with a 0.5% NaOH solution and washed with deionized water. The protein at 50, 100 and 200 μg/mL was added by absorption to material samples of 0.3 mm Â 0.5 mm, allowing them to interact for 2 h at room temperature. After this, no protein residues were found suggesting a complete absorption. The scaffolds hereinafter will be identified as chitosan/EP 50 μg/mL A, chitosan/EP 100 μg/mL A, chitosan/EP 200 μg/mL A, the letter A means that the protein was integrated to the scaffolds through absorption.
Chitosan scaffolds functionalized with EP by mixing
The material was prepared by mixing the chitosan solution (prepared as the functionalized scaffolds by absorption) and EP at concentrations of 50, 100 and 200 μg/mL. Once a homogeneous mixture was obtained, the procedure of the EP functionalized scaffolds was continued by absorption. These scaffolds hereinafter will be identified as chitosan/EP 50 μg/ mL M, chitosan/EP 100 μg/mL M, chitosan/EP 200 μg/mL M. Where the letter M refers to how the protein was integrated into the scaffolds.
Bioactivity of scaffolds
A solution of simulated physiological fluid (SBF) was prepared with 1.5 times the ionic concentrations similar to that of blood plasma [18] . Next to the tubes containing the biomaterial functionalized with EP, 5 mL of SBF 1.5X were added and incubated at 37 C for 7, 14, 21 and 28 days; with the weekly exchange of the SBF to the samples. After the incubation time of the samples, the SBF was removed and dried for 48 h at 37 C, to then proceed to characterize the material by FT-IR, SEM-EDS, and DRX.
Results and discussion
The chemical structure of molecules such as lipids, proteins, carbohydrates, and nucleic acids have components whose chemical bonds have vibrational movements with frequencies within the medium infrared [19] . The FTIR spectra of pure EP ( Fig. 1 and Table 1) vibrations [19, 20, 21] . All these results suggest the presence of a glycosylated protein. ) [21] increased their intensity with respect to the infrared spectrum of chitosan; in addition to suffer a displacement towards longer wavelengths. These displacements are observed in the infrared spectra of the chitosan/EP 50 μg/mL M, chitosan/EP 100 μg/mL M and chitosan/EP 200 μg/mL M. Peaks were higher as the EP concentration increases in the scaffolds. The results, according to Falini, show the glycosylated protein presence. Meanwhile the displacement of bands to lower wavelengths suggests possible chemical interactions between the chitosan and the protein. The protein has basic aminoacids (arginine, histidine, and lysine) and acidic aminoacids (aspartic acid and glutamic acid) in its polypeptide backbone that present positive and negative charge. Thus, the basic aminoacids (positive charges) interact through electrostatic forces with carboxyl and hydroxyl groups of chitosan (negative charges). These interactions are called saline bonds [21] and allow the anchoring of the protein to the material. On the other hand, the negative charges of the acidic amino acids that constitute the coordination sites are available to interact with calcium and thus conduct the biomineralization process within the material by the nucleation of apatite crystals [22] .
The EP functionalized scaffolds after incubation in SBF during 4 weeks were analyzed by FTIR. In order to get a better understanding of the apatite-like layer formation, the original chitosan spectrum was subtracted from each treated scaffold spectrum. Fig. 3 and Table 2 show the FTIR spectra and infrared absorption frequencies of the scaffolds after immersion in SBF for 7, 14, 21, and 28 days. The IR analysis of the scaffolds revealed the presence of bands at 563, 601, and 1034 cm À1 , which can be attributed to the bending vibration of the PO 4 3À groups. In the same way, inorganic carbonates (CO 3
2À
) are appreciated at 880, 1427, and 1506 cm À1 [23, 24] . This suggests that the formation of phosphate and carbonate crystals was favored. The presence of carbonate and phosphate groups suggests the existence of different calcium phosphates precursors phases of the hydroxyapatite and carbonated hydroxyapatite phases due to the possible substitution of CO 3 2À groups by PO 4 3À groups.
These carbonate species are the most abundant in bones [25] . Bands attributed to the presence of the protein are observed at 1070, 1216, 1228, 1315, 1324, and 1562 cm À1 which are related to C¼O, C-O, N-H, C-H, -COOH, and N-H groups, respectively. Finally, a band at 3293 cm
À1
(attributed to the -OH group) is observed. According to El-Hamid and collaborators, it can be attributed to the stretching vibration of the OH hydroxyapatite group [26] . In most of the FTIR spectra, the intensity of the PO 4 3À group band remains with the exposure time. However, the C¼O group band diminished over time. This could be due to the increment of the apatite layer at the scaffold surface [26] . Fig. 4 shows the diffractograms of the chitosan and chitosan scaffolds functionalized with EP (absorption and mixing methods) exposed to the SBF solution during different periods. The chitosan scaffold XRD diffractograms (Fig. 4g) show small peaks reflections since the first week that correspond to the most intense peaks of hydroxyapatite phase (31.7 and 46.7 ). After the second week, the hydroxyapatite phase is confirmed by the presence of a third peak at 75.3 [23, 27] . In addition, a peak at 57 and 66 are detected that could relate to the octacalcium phosphate and calcium carbonate crystalline phases [28, 29] . The diffractograms of the functionalized scaffolds by the absorption method showed the presence of crystalline phases after the second week (Fig. 4a, c and e) . These phases are the same that the chitosan scaffolds detected phases. During the complete study, the diffractograms of the functionalized scaffolds by mixing exhibit hydroxyapatite peaks at 25. ). These are related to β-tricalcium phosphate and hydroxyapatite, respectively [30] . All XRD results corroborate those obtained by FTIR and suggest the presence of precursors of the hydroxyapatite and carbonated hydroxyapatite phase. More crystalline phases were observed on the functionalized scaffolds by the mixing methodology, suggesting that the nucleation and growth of the apatite crystals were less favored in the scaffolds functionalized by absorption. The above can be attributed to the fact that with the absorption method, the protein may not be homogeneously distributed on the surface of the scaffold, in such a way that the exposure of functional groups such as -COOH responsible for the coordination of Ca 2þ is limited due to the tendency of the EP to form oligomers. Therefore this effect could be responsible for the loss of its function [31] . The SEM images of the apatite surface formed in the chitosan scaffolds at different periods can be seen in Fig. 5 . The microstructure of the apatite layer is similar to the apatite layer formed in materials of CScoated Ti and Calcium aluminate cement blends when exposed to an SBF solution [25, 32] . In Fig. 5 , images of the first week are shown where it is observed how the precipitation occurred through individual granules. During the following weeks of the study, they were gradually accumulated and were filling the pores to form a dense layer on the surface of the scaffolds. The SEM images at higher magnifications (Fig. 6) show how the crystals agglomerate to form a continuous layer in the form of spheres, similar to cauliflower morphology, already reported by [23] . Several investigations report that the symmetry of the crystals could be mediated by the interaction of proteins with calcium ions through negatively charged amino acids; causing the conglomeration of crystals and their growth [21, 22] .
On the other hand, all the scaffolds, as the incubation time increases, the formation and deposition of apatite crystals increase on their surface. However, the formation of crystals also occurs in the chitosan scaffolds; these are generated by the own salts that integrate the solution of SBF; appearing in smaller quantity in comparison with the scaffolds containing EP. When analyzing materials according their manufacturing technique and concentration of EP, it is observed that the scaffolds of chitosan/EP 50 μg/mL A and chitosan/EP 100 μg/mL M (scaffolds where the protein anchoring was by absorption and mixing) present a greater deposition of crystals throughout their entire surface during the complete study. However, the scaffolds of chitosan/EP 100 μg/mL M was the one where deposition and growth of apatite crystals cover a greater percentage of the surface compared to the chitosan/EP 50 μg/mL A scaffold and the rest of the scaffolds. It even showed second nucleation sites when growing on top of each other, and entering the pores of the chitosan. Because of this, the porous morphology of the scaffolds after the 3rd week of the study was not observed. These results can be attributed to the fact that the mixing technique allowed greater interaction between chitosan-EP, resulting in a more homogeneous sample with regard to the placement and exposure of EP functional groups. On the other hand, in the SEM images of the chitosan/EP 200 μg/mL M scaffold, it is observed how the crystallization process was hindered by containing 200 μg/mL of PE. This is attributed to the fact that as the concentration of the protein favors the protein-protein interaction [22] , an effect that could be hindering to adequate nucleation and consequently, the growth of crystals.
EDS analyses are shown in Table 3 and Fig. 6 . Elements such as calcium and phosphorus are observed. Their presence is related to the formation of calcium phosphate phases, such as hydroxyapatite [25] . In addition to elements such as carbon, oxygen, silver, sodium, and magnesium, is the carbon a component of the scaffolds and silver due to the sample preparation. Table 2 shows how the Ca/P atomic ratio was increased in all scaffolds throughout the exposure time being found during the first week at 1.30, 1.29, 1.46, 1.27, 1.31, 1.24, and 1.23 for the scaffolds of chitosan/EP 50 μg/mL A, chitosan/EP 100 μg/mL A, chitosan/EP 200 μg/mL A chitosan/EP 50 μg/mL M, chitosan/EP 100 μg/mL M, chitosan/EP 200 μg/mL M and chitosan, respectively. Atomic ratios that agree with calcium deficient apatite (1.33-1.66, variable) and amorphous calcium phosphate (1.2-2.2, variable) [30] . At the end of the fourth week (in all the scaffolds), a Ca/P relation related to the formation of apatite layers deficient in calcium was obtained. Also, higher Ca/P atomic ratios were observed in the scaffolds functionalized by absorption since in most periods of studies, atomic relationships similar to apatite and closer to the atomic ratio Ca/P of hydroxyapatite were obtained. The chitosan scaffold and scaffolds in which the polymer was mixed with the protein, these values were slightly lower. These results suggest that the crystals formed on the surface of the material are apatite deficient in calcium or carbonated, which is also confirmed by FTIR and DRX, which showed that the carbonate groups partially replace the phosphate groups. On the other hand, researchers like Ohtsuki have reported that in layers of surface apatite that contain small amounts of Na and Mg, as well as large amounts of Ca and P, Mg could replace Ca in the apatite crystal, obtaining an apatite crystal similar to bone [33] . Concerning the role of EP, the results obtained in the different characterizations analyses made, indicate that it plays an important role in the apatite nucleation on the scaffold surface. Fig. 7 illustrates the cross section BSE-SEM images of chitosan/EP 100 μg/mL M scaffolds soaked in SBF for 7, 14, 21, and 28 days. Bright phase spots are observed that are due to the deposit of apatite particles inside the interconnected porosity (revealed with the cross-sectional cut). The apatite deposits in the pores increase with the SBF exposure time. The EDX analyses of the cross sections showed the presence of the same elements detected on the samples surfaces (Fig. 6 ).
Conclusion
Chitosan/EP scaffolds were successfully synthetized by "Thermally Induced Phase Separation (TIPS)," and EP protein was added using immersion and mixing methods. The findings support the EP plays an important role in facilitating the apatite nucleation on the scaffold surface. Apatite-like layer formation was observed on the surfaces and inside the connected porosity of scaffolds after SBF immersion. The apatite formation and the in vitro biomineralization process is more favored when the mixing functionalization methodology is used. These EP functionalized scaffolds could offer a potential improvement of osseointegration in future in-vivo applications.
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